Previous studies on BAV (bicuspid aortic valve)-related aortopathy, whose aetiology is still debated, have focused mainly on severe dilatations. In the present study, we aimed to detect earlier signs of aortopathy. Specimens were collected from the 'concavity' (lesser curvature) and the 'convexity' (greater curvature) of mildly dilated AAs (ascending aortas; diameter 4 cm) with stenotic TAV (tricuspid aortic valve) or BAV and from donor normal aortas. Specimens were submitted to morphometry, immunohistochemistry and differential gene-expression analysis, focusing on SMC (smooth muscle cell) phenotype, remodelling, MF (myofibroblast) differentiation and TGFβ (transforming growth factor β) pathway. Smoothelin and myocardin mRNAs decreased in all the samples from patients, with the exception of those from BAV convexity, where a change in orientation of smoothelin-positive SMCs and an increase of α-SMA (α-smooth muscle actin) mRNA occurred. Dilated aortas from BAV and TAV patients showed both shared and distinct alterations concerning the TGFβ pathway, including an increased TGFβ and TGFβR2 (TGFβ receptor 2) expression in both groups and a decreased TGFβR1 expression in BAV samples only. Despite a decrease of the mRNA coding for the ED-A (extra domain-A) isoform of FN (fibronectin) in the BAV convexity, the onset of the expression of the corresponding protein in the media was observed in dilated aortas, whereas the normal media from donors was negative for this isoform. This discrepancy could be related to modifications in the intima, normally expressing ED-A FN and showing an altered structure in mild aortic dilatations in comparison with donor aorta. Our results suggest that changes in SMC phenotype and, likely, MF differentiation, occur early in the aortopathy associated with valve stenosis. The defective expression of TGFβR1 in BAV might be a constitutive feature, while other changes we reported could be influenced by haemodynamics.
INTRODUCTION
BAV (bicuspid aortic valve) stenosis is the most common cardiovascular malformation, associated with an increased risk for aortic dilatation, aneurysm and dissection [1] . The historical debate on the pathogenesis of BAV aortopathy, i.e. whether it is determined by genetics or haemodynamics, has lately given way to the consideration that these two causative factors may not necessarily exclude each other [2] [3] [4] . Aortic wall remodelling processes may therefore be concomitantly affected both by congenital deAbbreviations: AA, ascending aorta; BAV, bicuspid aortic valve; EC, endothelial cell; ECM, extracellular matrix; ED-A, extra domain-A; FN, fibronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LTBP-1, latent TGFβ-binding protein 1; MF, myofibroblast; MMP , matrix metalloproteinase; RT-PCR, reverse transcription-PCR; SMC, smooth muscle cell; TAV, tricuspid aortic valve; TGFβ, transforming growth factor β; TGFβR, TGFβ receptor; TIMP , tissue inhibitor of metalloproteinases; vWF, von Willebrand factor; α-SMA, α-smooth muscle actin.
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fects and by an altered biomechanical environment secondary to long-standing haemodynamic derangements.
The TGFβ (transforming growth factor β) pathway is attracting an increasing attention in studies focusing on AA (ascending aorta) aneurysms, by virtue of its important role in tissue fibrosis and ECM (extracellular matrix) remodelling [5] . Among its multiple functions, TGFβ can induce MF (myofibroblast) differentiation [6] , in concert with the ED-A (extra domain-A) splicing variant of FN (fibronectin), whose expression is limited in healthy adult tissues but is up-regulated in pathological settings [7] . Table 1 Clinical characteristics in the study groups
Values are means + − S.E.M. * P < 0.05 compared with donors; † P < 0.05 compared with TAV; all other differences were not significant. CSA/h, ascending aortic cross-sectional area to patient height ratio; N/A, not available.
Donors (n = 12)
TAV (n = 13) BAV (n = 22) MFs, also defined as 'mesenchyme-like interstitial cells', are specialized cells arising in pathophysiological conditions and contributing to tissue repair during wound healing. MF differentiation is gaining a growing interest, as these cells could play a key role in aortopathies, thus potentially representing a therapeutic target to prevent disease progression [6] . MF activation in aortic aneurysms has been addressed so far mainly in animal models of disease [8] , while specific studies on human aortic specimens are still in their infancy [9] . The univocal identification of vascular MFs can be quite difficult, since these cells, at fully differentiated phenotype, share many of their characteristics with SMCs (smooth muscle cells), including the expression of α-SMA (α-smooth muscle actin) and vimentin.
Recent studies demonstrated that aortic stenosis and regurgitation are associated with distinct AA wall alterations, suggesting that haemodynamic factors may influence their expression [10, 11] . On this basis, we previously investigated ECM remodelling and SMC apoptosis in patient groups homogeneous for valve dysfunction, with severe [12] and moderate [13] dilatations. In those studies, for the purpose of distinguishing between constitutive and flow-induced changes, we also introduced a protocol for comparative analysis between two areas of the AA, corresponding to the convexity (greater outer curvature) and the concavity (lesser inner curvature) of its profile, known to be exposed to different haemodynamic stimuli in BAV patients [3, 14] .
The objective of the present study was to gain information about the earlier phase of aortopathy, comparing aortic wall samples from the convexity and the concavity of mildly dilated AAs in patients with stenotic TAV (tricuspid aortic valve) and BAV, focusing on the expression of genes (i) considered as wellknown markers of cell phenotype, (ii) belonging to the TGFβ pathway or (iii) playing a role in vascular remodelling.
MATERIAL AND METHODS

Sample collection
Specimen pairs from the concavity and the convexity of mildly dilated AAs ( 4 cm) were harvested from patients with isolated TAV stenosis (n = 13) and BAV stenosis (n = 22) undergoing valve replacement (from the ends of the transverse aortotomy, 1-2 cm distal to the sino-tubular junction). None of the patients had positive family history for aneurismal disease of the aorta and, as such, only cases of 'sporadic BAV' were included in the present study. The measure of the aortic diameter was taken by transthoracic echocardiography at the ascending tract level, and the aortic dimension was indexed to the patient's height as suggested by Svensson [15] . Within the BAV group, two subgroups were identified, according to valve morphotype, i.e. the cusp fusion pattern (right-left coronary fusion, n = 13; right-non-coronary fusion, n = 9). To warrant group homogeneity and comparability, we excluded from this study patients with aortic valve stenosis affected by impaired systolic ventricular function.
The study received the Institutional Ethic Committee approval and patients gave their informed consent. Control aortic specimens were obtained during organ harvesting from heart donors with no evidence of aneurismal disease or familiarity (n = 12, all TAV, cause of death: trauma in seven cases, spontaneous cerebral haemorrhage in five cases).
Clinical characteristics are summarized in Table 1 . To help the interpretation of selected results, specimens were taken also from three aneurismal AAs with TAV (diameter >5 cm), representative of a more advanced stage of the dilative disease. In summary, overall 100 aortic specimens were analysed in the present study.
Histological analysis
Harvested samples were fixed in 4 % buffered formaldehyde, dehydrated and embedded in paraffin. Consecutive 5 μm crosssections were stained with haematoxylin or with haematoxylin/ orcein for nucleus and elastic fibre staining respectively. Image screening and photography were performed using the Leica IM1000 software. The same software was also used to measure, in five consecutive cross-sections for each AA sample, the wall thickness (intima + media) and the cell density in the media, expressed as the number of haematoxylin-stained cells/mm 2 in the central region of the media. Alternatively, 5 μm cross-sections were stained with fluorescent Hoechst 33258 (Sigma-Aldrich) for nucleus staining and detection of natural autofluorescence Total RNA was extracted from whole AA samples stored in RNALater (Qiagen) at − 80 • C immediately after harvesting, using the RNAeasy minikit (Qiagen). RNA was treated with DNase (Qiagen) to remove DNA contamination, its concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and its integrity was verified by electrophoresis on denaturing 1 % agarose gel. The absence of residual DNA was verified by PCR on total RNA without reverse transcription. GeneBank ® sequences for human mRNAs and the Primer Express software (Applied Biosystem) were used to design primer pairs for the target genes ( Table 2) . RT-PCR amplification experiments were performed as published previously, using both semi-quantitative RT-PCR, both real-time RT-PCR for selected targets [16] . GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was chosen as reference housekeeping gene. Relative quantitative RT-PCR was used to determine the fold difference for genes. The Opticon II machine (Bio-Rad) was used for real-time RT-PCR. The PCR efficiency was determined for each primer pair and was calculated using a dilution series and the Opticon II analysis software. The Verity thermal cycler (Applied Biosystems) and the ChemiDoc and associated software Quantity One (Bio-Rad) were used for semi-quantitative densitometric analysis of PCR products after electrophoresis.
The panel of genes analysed in the present study was selected on the basis of the current literature as informative for cellular phenotype transformation, with particular focus on SMC switch and MF differentiation in order to highlight the possible onset of these phenomena in specimens from patients with BAV or TAV with only mild aortic dilatation (see the Discussion for further details). Moreover, we selected for RT-PCR analysis a group of genes known to be regulated mainly at transcriptional level, in order to obtain reliable data. Table 3 . Consecutive 4 % formaldehydefixed 5 μm cross-sections were deparaffinized and rehydrated. Experiments were performed as previously published [16] . Primary antibodies were omitted in the negative controls of the reactions (see Supplementary Figure S1 at http://www.clinsci.org/cs/124/cs1240097add.htm). Nuclei were counterstained with Mayer's haematoxylin (Sigma-Aldrich). Image screening and photography were performed using a Leica IM1000 System.
Statistical analysis
Statistical analysis was performed using the GraphPad software (Prism 4.0) and SPSS ver13.0. Significant differences in RT-PCR were identified by a cut-off 2-fold change in gene expression or detected by a Student's t test comparing target gene-fold expression in BAV or TAV aortic samples compared with baseline in normal aortas, in agreement with others [17, 18] . Summaries for continuous variables are presented as means + − S.E.M., for categorical variables as numbers and percentages. Normality of data distribution was assessed for each variable in order to choose between parametric and nonparametric tests. Comparisons between the convexity and the concavity were performed through paired Student's t test or Wilcoxon signed-rank test. Comparisons across study groups (TAV, BAV, donors) were done through the ANOVA test, with Bonferroni correction, or through Kruskall-Wallis test with Exact correction, for normally or asymmetrically distributed continuous variables respectively. Within the BAV group, comparisons between the two valve morphotypes were performed by unpaired Student's t test or Mann-Whitney test. All comparisons for categorical variables were done through the χ 2 test. Correlations were analysed by Spearman test. Values of P < 0.05 were considered significant.
RESULTS
Mildly dilated BAV and TAV aortic specimens show morphological and morphometric alterations in comparison with donors
Morphometric analysis results are summarized in Table 4 . The overall intima + media thickness significantly decreased in all samples from dilated AAs in comparison with donor aortas (P < 0.05). Conversely, cell density showed a trend for increase in both groups and in both curvatures compared with donor AAs, with a trend for greater increase in cellularity in BAV than in TAV samples (Table 4 ). The correlation between aortic diameter and cell density was significant in the convexity of BAV AAs (r = 0.93, P < 0.05). Cell density in the convexity showed significant inverse correlations with age in TAV patients (r = − 0.90, P < 0.05) and with intima + media thickness in donors and TAV patients (r = − 0.90, P < 0.05 and r = 0.70, P < 0.05 respectively). No significant correlation was found in mildly dilated AAs between aortic diameter and age, neither between aortic diameter and intima + media thickness.
Mildly dilated BAV and TAV specimens show structural alterations in the intima
Since by definition the presence of the elastic laminae characterizes the arterial media, the aortic layers can be delimited by techniques that highlight these laminae, such as orcein staining and autofluorescence. On this basis, a marked alteration of the intima, losing the well-organized structure observed in control AAs ( Figures 1A-1D ) was observed in all the mildly-dilated AAs. In more detail, while the normal intima was negative to orcein staining ( Figure 1A ) and to elastic lamina autofluorescence (results not shown), we quite consistently observed a homogeneous orcein staining in samples from mildly dilated AAs with BAV and TAV ( Figures 1B and 1C) , without a clear distinction between the intima and the media. Conversely, the intima in TAV aneurysmal aortas showed increased thickness, altered structure and cellularity but no orcein staining ( Figure 1D) .
Alterations in the intima of dilated AA specimens were paralleled by the expression of the ED-A FN isoform, a component of the ECM of major interest as a player in MF differentiation, showing a marked expression in the intima of donor AAs and aneurysms ( Figures 1E and 1H ), while only a very thin periluminal layer expressed this isoform in mildly dilated BAV and TAV AAs ( Figures 1F and 1G) .
The expression of ED-A FN was evaluated also at mRNA level by differential RT-PCR, revealing a decrease only in the convexity of BAV AAs and a significant increase in the concavity of aneurismal aortas in comparison with healthy aortic samples (Figure 1, histogram) . This trend was consistent with the expression of SFSWAP (SRp40), a splicing factor facilitating the inclusion of the ED-A exon in FN. The peculiar expression profile of ED-A FN mRNA should be interpreted in the light of its canonical localization within the AA wall (normally confined to the intima) and related to the above-mentioned intima alterations in mildly dilated BAV and TAV AAs, as depicted by the immunohistochemical analysis (Figures 1E-1H) .
The integrity of the endothelial layer was similarly assessed in the same series of AA specimens through the immunohistochemical detection of vWF, a well-established marker of ECs (endothelial cells). The endothelial integrity was clearly visible in all the AA specimens we analysed ( Figure 1I-1N) , allowing us to exclude the possibility that the intima alterations we observed in mildly dilated specimens were related to artefacts occurring during sample harvesting and/or manipulation.
Mildly dilated BAV and TAV AA specimens show distinct expression profiles of members of the TGFβ pathway The mRNAs coding for TGFβ and for its binding factor, the LTBP-1 (latent TGFβ binding protein 1), showed a significant increase in BAV convexity (Figure 3 ). TGFβ mRNA increased in TAV AAs as well, however, with greater variability, causing the lack of significant differences compared with donor AAs (P = 0.055). As far as the expression of the two TGFβR (TGFβ receptor) subunits is concerned, we observed a significant 1.85-fold decrease of the mRNA coding for the R1 subunit (TGFβR1) in the BAV group in both the AA curvatures and a 1.38-fold increase of the mRNA coding for the R2 subunit (TGFβR2), reaching the significance in the AA concavity of both BAV and TAV groups (Figure 2 ). Of interest, the expression of TGFβR1 in BAV convexity showed a significant positive correlation with aortic diameter (r = 0.78, P < 0.05).
Mildly dilated BAV and TAV specimens show an altered expression of ECM components
As to the differential expression of genes involved in ECM remodelling, the MMP-2 (matrix metalloproteinase 2) mRNA showed a significant increase in the convexity of both BAV and TAV AAs, counteracted by an increase of TIMP-2 (tissue inhibitor of metalloproteinases-2) only in the convexity of TAV AAs (Figure 3) . The MMP-9 mRNA was undetectable in all the aortic samples we analysed (Figure 3) .
Immunohistochemical analysis revealed that total FN, an adhesive glycoprotein relevant in many tissue matrices, was expressed in all the aortic layers, both in dilated aortas and in control samples (Figure 4) . Conversely, although the ED-A FN isoform was observed exclusively in the intima of AAs from donors ( Figure 1E ), its expression was activated in the media of mildly dilated BAV and TAV AAs (Figure 4 and Supplementary Figure S1 ), with the exclusion of TAV concavity ( Figure 4D 
SMCs switch their phenotype in mildly dilated BAV and TAV specimens
Differential RT-PCR gene expression analysis revealed that both the mRNAs coding for smoothelin, an univocal marker of SMC contractile phenotype, and myocardin, a transcriptional co-activator able to modulate the expression of smooth musclespecific serum response factor target genes, showed a 0.62-0.51-fold decrease in the concavity of BAV and TAV AAs, while only in TAV AAs the myocardin mRNA showed a 0.45-fold decrease also in the convexity (Figure 2 ). Of note, the smoothelin and myocardin expression at the concavity of TAV AAs showed a significant inverse correlation with aortic diameter (r = − 0.74, P < 0.05). The immunohistochemical analysis confirmed the RT-PCR data, indicating a decrease of smoothelin-positive cells in dilated AAs (Figure 5 ). Moreover, both smoothelin-positive and smoothelin-negative SMCs were found to have altered orientation in BAV samples, in both aortic curvatures ( Figures 5C and  5F ) and, to a lesser extent, also in TAV samples ( Figures 5B and  5E ). α-SMA mRNA expression showed a significant 1.5-fold increase in BAV convexity (Figure 2 ), while the immunohistochemical analysis of the corresponding protein, a major component of the cytoskeleton expressed in both SMCs and MFs, showed a non-homogeneous mild increase in the media of dilated AAs (Figure 6 ), with areas in samples from the aortic convexity featuring a marked cell rarefaction and absence of α-SMA expression ( Figures 6F and 6G) . α-SMA was also expressed in the intima and in the adventitia in correspondence of large vasa vasorum (results not shown).
DISCUSSION
The original features of the present study include: (i) patient groups homogeneous for the type of haemodynamic disturbance (aortic valve stenosis) and healthy donors rather than surgical patients as reference group [16] ; (ii) a comparison between the concavity and the convexity of each aorta, to account for regional variations possibly related to haemodynamics [19] ; (iii) focus on mild aortic dilatation, with the aim of highlighting some of the early molecular events underlying its development; (iv) the combined analysis of the expression of a set of molecules potentially informative for SMC and MF phenotypic alterations [20] .
Early intimal and medial alterations occur in mild AA dilatations with BAV and TAV stenosis
We highlighted a significantly decreased thickness of the aortic wall in aortic specimens from TAV and BAV patients representative of the early stage of AA dilatation (Table 4) , as previously observed also in more advanced stages [11, 21] . A parallel increase in cell density suggested that the aortic remodelling phenomena associated with aortic valve stenosis already occur when vessel dilatation is just mild. Of note, the cell rarefaction in subintimal areas of the convexity media has already been reported in aortic aneurysms as well [11] . To our knowledge, the intima alterations we highlighted in mildly dilated BAV and TAV AAs (Figure 1 ) have not so far been reported in the literature. Conversely, a thicker intima in aneurysms compared with normal aortas has already been described [22] , in agreement with our sub-analysis on TAV aneurysms (Figures 1A and 1D) .
The restriction of ED-A FN expression to the intima of healthy aortas (Figures 1 and 2 ) is in agreement with previous studies [23] , whereas the reduced ED-A FN and SFSWAP mRNA levels in mildly dilated samples is consistent with the loss of the ED-A FN protein isoform in the altered intima revealed by the immunohistochemical analysis. The previously unreported activation of ED-A FN synthesis in the media of mildly dilated AAs, observed in the present study, is probably not fully compensatory, at mRNA level, for the loss in the altered intima (Figure 4 ). This observation confirms the utility of a combined molecular and immunohistochemical approach to catch all the phenomena involved in the early phase of this pathophysiological process, also considering that ECM proteins accumulate in tissues, and consequently mRNA levels may not correspond to the actual protein levels.
On an observational basis, we can speculate that the intima markedly reduces its thickness during early dilatation; nonetheless, we cannot exclude a massive synthesis of elastin in the intima by resident cells, leading to the loss of a clear distinction between the intima and the media. In either case, these results underscore the importance of the previously neglected involvement of the intima in the early phases of the aortopathy associated with TAV and BAV stenosis.
Imbalance in TGFβ receptor expression and activation of FN alternative splicing occur in mild post-stenotic dilatations
TGFβ is a pleiotropic cytokine synthesized as a precursor and complexed with LTBP-1 in the ECM. TGFβ is activated when LTBP-1 is removed extracellularly via proteolytic cleavage or through a mechanical stimulus [24] . Activated TGFβ binds to a heterodimeric receptor complex comprising two subunits (TGFβR1 and TGFβR2), endowed with a tyrosine kinase activity. TGFβ drives the alternative splicing of FN in response to external stimuli and, in turn, ED-A FN and TGFβ, in the presence of a mechanical stress, promote the up-regulation of α-SMA and the differentiation of MFs [6, 25] . Others reported that the rate of ED-A exon inclusion in FN increased with increasing aneurysm diameter in TAV patients, while this correlation was impaired in BAV patients [9] . The evidence of activation of ED-A FN expression in the media of our BAV AA specimens argues against those authors' hypothesis of a constitutive defect of FN splicing in BAV aortopathy. However, in their studies BAV and TAV patient groups were not comparable for aortic valve functional status [9] , thus possibly explaining the discrepancy, as stenosis and regurgitation are known to be associated with diverging patterns of aortic remodelling during aneurismal dilatation [10, 11] . The significant difference in ED-A FN mRNA levels between convexity and concavity in BAV AAs (with preserved expression in the concavity) could be related to the typical asymmetric BAV-related flow and wall stress patterns, as already demonstrated through biomechanical studies both by our group and by others [3, 14, 26] .
We observed an increase of TGFβ mRNA in mild AA dilatations (Figure 2) , while others showed an increase of TGFβ protein in frankly aneurismal aortas with no increase of its mRNA [27] , possibly implying different mechanisms of regulation depending on the stage of the aortopathy.
The increased TGFβR2 mRNA expression observed in this study seems not specific to the pathogenesis of BAV aortopathy, as it has been reported in disparate settings [28, 29] , possibly representing an epiphenomenon of the aortic dilative remodelling.
Conversely, the decreased expression of TGFβR1 mRNA in both the curvatures of BAV AAs only, and the positive correlation of its mRNA levels with aortic diameter, could together suggest that TGFβR1 down-regulation could be a very early event in BAV-related aortopathy, and that patients with BAV stenosis who develop post-stenotic dilatation of the AA may have an intrinsic defect of TGFβR1 expression. Most importantly, the altered imbalance between the TGFβR1 and the TGFβR2 subunits, particularly evident in BAV AAs, are in agreement with data obtained in a murine model of aortic aneurysm and could trigger noncanonical TGFβ-mediated signalling pathways, leading to ECM degradation and aneurysm [6, 28] . A relationship between the expression levels of TGFβR1 and TGFβR2 and mutations in the corresponding genes cannot be ruled out, but it is improbable, as it has been demonstrated that mutations in TGFβR1 and TGFβR2 are rarely present in sporadic BAV patients [30] .
Early SMC phenotypic alteration and differentiation of a MF-like cell lineage likely occur in AA dilatations with BAV and TAV stenosis
Alterations of SMC phenotype have been described previously both in experimentally induced aneurysms [31] and in patients with AA disease of different aetiologies [32] , thus appearing as a common pathogenetic step for distinct diseases. Smoothelin is a univocal marker of SMC contractile phenotype [33] that allows distinguishing contractile SMCs from other cells with smooth muscle-like characteristics, including MFs. Its deficiency results in a considerable loss of contractile potential and hence in impaired smooth muscle function. To our knowledge, smoothelin differential expression in AA samples from BAV and TAV patients has never been evaluated before. Despite the abovementioned increased cell density, the smoothelin decrease occurred in both BAV and TAV AAs, but it reached the significance only at the concavity, possibly indicating that the greater haemodynamic burden acting on the AA convexity [3, 14] could at least in part preserve the contractile phenotype of SMCs [34] . We also observed a change in SMC orientation, from circumferential to longitudinal direction, already known to occur in vessels submitted to altered tensile strain and stress [35] and in the more mature phases of aneurysm development [21] . The greater change in SMC orientation in BAV compared with TAV AA samples is in agreement with the notion that, for equal extents of stenosis, the BAV induces more marked flow derangement and shear stress anomalies than TAV [3, 36] . It remains to be clarified whether SMC orientation changes contribute to alter the mechanical properties of the dilated aortic wall.
The increased α-SMA expression in mild BAV AA dilatations (Figures 2 and 6 ) could be causally related to the parallel increase of TGFβ expression and be possibly suggestive of MF differentiation, given the concomitant decrease of smoothelin expression.
The convexity of mild post-stenotic AA dilatations shows altered ECM homoeostasis
Our data showed an early increase of MMP-2 expression in both the TAV and BAV AA convexity (Figure 3) , where the haemodynamic stress is known to be greater [3] . This is in agreement with the previously reported increased expression of MMP-2 in SMCs submitted to cyclic mechanical stretch [37] as well as with the activation of the MMP-2 promoter as a function of wall tension [38] . TIMP-1 mRNA level did not differ between BAV and control aorta, in agreement with others [39] , while TIMP-2 mRNA showed a significant increase only in TAV patients (Figure 3) , suggesting a possible attempt to preserve ECM homoeostasis. These findings are only partially in agreement with those obtained in unselected BAV patients with larger aortic diameters [40] .
The absence of MMP-9 expression was probably related to the low-inflammatory infiltrates at the early stage of aortic dilatation, as this enzyme is known to be a major product of macrophages, neutrophils and SMCs with a pro-inflammatory phenotype [41] .
Study limitations
We are aware that, because of the characteristics of the material we had at our disposal, we were limited to the use of histological and expression analysis techniques. Isolation and culturing of vascular cells from diseased aortic specimens would allow a broader range of analytical experiments, but results can be affected by changes in biochemical, physical and haemodynamic cell environment. Our choice of retrieving the control aortic specimens from healthy donors rather than from surgical patients with other cardiac diseases has evident advantages on the reliability of results but affected the mean age in the control group that was inevitably younger than in patients. Consequently, it cannot be excluded that some of the changes observed in mild aortic dilatations may reflect aging rather than dilative aortopathy. Similarly, the different mean age in BAV and TAV groups was related to the epidemiology of aortic valve stenosis. However, the normal aging process of the aorta is known to be associated with increase in TGFβ signalling, increased expression of the receptor subunit 2 of TGFβ, increased FN and MMP-2 expression [29] . We found all these changes being more marked and more constant in the younger BAV group than in the older TAV group; therefore the differences observed between patient groups might have been rather reduced than emphasized by a possible interference of age.
The present study did not include the investigation of the Smad pathway (e.g. phosphorylation of Smad2) for two reasons: (i) the main driver in aortic diseases implying TGFβ signalling dysregulation has been authoritatively demonstrated to be the non-canonical, Smad-independent, pathway [28, 42] ; (ii) it has been shown that an aspecific phosphorylation of Smad2 occurs in aortic dilative disease, which is independent of TGFβ signalling and irrespective of the underlying aetiology [27, 43] , and could be secondary to the flow changes that are entailed by the increase in vessel radius [44] .
Conclusions
We have observed significant mRNA expression changes in five out of the 13 genes we analysed in TAV AAs, compared with ten out of 13 the genes significantly altered in BAV AAs. These data could be related both to intrinsic differences between TAV and BAV AAs, both to a greater variability of the expression of some genes in TAV in comparison with BAV AAs, thus suggesting a greater heterogeneity of the underlying abnormalities in TAV AA specimens. Among the results we obtained, the defect of TGFβR1 mRNA expression in both concavity and convexity was a peculiarity of patients with BAV stenosis, and likely independent of different local stress levels. Additional studies should address the post-receptorial TGFβ signalling pathways specifically involved in BAV aortopathy to evaluate the consequences of this likely intrinsic defect of TGFβR1 expression. It could be hypothesized that this defect, along with the up-regulation of TGFβ and TGFβR2 expression observed in both BAV and TAV stenosis, may determine a redirection of the TGFβ signalling towards non-canonical effects.
Overall data suggest that the alterations of the intimal structure, the cell loss in the subintimal media and the SMC phenotype switch possibly leading to the emergence of differentiating MFs, are concomitant events occurring early in the development of both TAV and BAV AA dilatations, with some events more evident in BAV convexity, possibly suggesting an intraluminal factor (e.g. shear stress) triggering a maladaptive remodelling. Whether a putative concomitant genetic defect leading to disturbed expression of TGFβ receptors predisposes BAV patients to a greater susceptibility to the triggering factor should be object of further investigation.
CLINICAL PERSPECTIVES
r BAV (bicuspid aortic valve) stenosis is the most common cardiovascular malformation and is associated with an increased risk of aortic dilatation, aneurysm and dissection. However, an understanding of the early mechanisms of the malformation is lacking.
r In the present study we have compared the biomolecular and immunohistochemical findings in aortic specimens from tricuspid and BAV patients with severe aortic valve stenosis and mildly dilated aorta, focusing on the possible role of the transdifferentiation of medial SMCs to MFs and the expression of TGFβ and its receptors. The results suggest that a non-specific up-regulation of TGFβ, occurring early in the development of post-stenotic aortic dilatation, may be redirected in BAV patients towards a programme of increased matrix degradation, owing to a disequilibrium in the expression of the two TGFβR subunits.
r New therapeutic targets or prognostic tools for the aortopathy related to bicuspidy may be identified by expanding the research in this direction.
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